This study of hemorrhagic shock syndrome in dogs evaluates commonly used therapeutic procedures on the basis of ability to correct specific vascular decompensatory episodes associated with progressive refractoriness to blood transfusion. Using specific criteria (vasomotion, responsiveness to vasoconstrictor stimuli, tone of arterioles and venules and capillary blood flow), it was found that pressor drugs improved blood pressure only at the expense of peripheral circulation. However, drugs such as angiotonin and especially pitressin, when added to the transfusion medium in subpressor concentrations sufficient to produce only a tonic narrowing of the terminal arterioles, brought sustained improvement in blood flow through the omental vessels. That the prognosis for successful treatment of the circulatory collapse closely parallels the sequential changes which occur in the terminal vascular bed, adds further significance to the probable causal relationship between the observed vascular derangements and the ultimate collapse of the peripheral circulation.
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E XTENSIVE blood transfusion is at present the sole measure of proved value for preventing and counteracting the development of profound shock following massive hemorrhage or trauma.' However, when the shock is prolonged the condition becomes increasingly refractory to blood replacement therapy. Such a syndrome can be produced regularly in dogs, where graded hemorrhage leads to a condition in which the animal can no longer gain recovery by reinfusion of the blood withdrawn the so-called "irreversible" stage of shock. Our microscopic studies of the circulation in the omentum of dogs has indicated that the downward course of the syndrome is related to a number of sustaining or perpetuating factors, other than fluid loss, which are of paramount importance in the development of the "irreversible" condition. A primary defect would appear to be the deterioration of specific vasomotor reactions concerned with the regulation of peripheral blood flow. ment of these well defined reactions made it possible to use them as physiologic indices of the course of the syndrome and thereby offered a means for comparing the effectiveness of various therapeutic measures. Furthermore, the nature of the vascular derangement served as a guide for selecting agents which might contribute to the eventual recovery of the animal.
In our previous studies on the omental circulation an essential feature for recovery from shock was found to be an adequate improvement of the peripheral blood flow which was accompanied by, and appeared to depend upon, a sustained improvement in specific functional attributes of the peripheral vessels. It is the purpose of this study to compare the effectiveness of various therapeutic measures during the "irreversible" stage of hemorrhagic shock on the basis of their ability to correct the observed vascular dysfunction. No experiments were made to determine the long-range value of the measures employed, the end result looked for being a sustained improvement of the functional activity of the peripheral blood vessels for at least four to six hours, when the animals were sacrificed.
In the present paper two sets of experiments are described. The (2 to 12 mg./Kg.). The dogs were bled according to Wiggers' method of removing blood at intervals, in decreasing amounts, until the blood pressure was brought to, and kept for a protracted period at, hypotensive levels. The routine procedure was to maintain a moderate hypotension of 60 to 50 mm. Hg for two to four hours and to follow this by a drastic hypotension of 40 to 35 mm. Hg, or below, for an additional one to two hours. The blood withdrawn was citrated (final concentration of 0.2 per cent), chilled, and reinjected via the femoral or jugular vein at a designated point in the experiment. Microscopic observations of the terminal ramifications of the peripheral vascular system were carried out on the exteriorized omentum of the dog according to the procedure previously described. 4 Essentially this involved maintaining the exposed portion of the omentum both warm and moist by irrigation with a Ringer gelatin solution kept rigidly at body temperature.
In tissues such as the omentum, possessing alternating periods of greater and lesser blood supply, the capillary bed consists of definitely organized units of structure and function. Particular attention was paid to the centrally located metarterioles and their precapillary branches. The following vascular criteria were selected as reflecting the functional state of the capillary bed.
1. Vasomotion. Variations in capillary flow are occasioned by periodic caliber changes, constrictor and dilator phases, of the metarterioles and precapillaries. During the constrictor phase only the precapillaries become completely occluded, and the circulation is restricted to the preferential channels leading from arteriole to venule. During the dilator phase the precapillaries are open and the majority of the capillaries become flushed with blood. This intermittent activity of the metarterioles and precapillaries has been termed vasomotion. Under normal conditions it is an integral part of the homeostatic mechanism which ensures a supply of blood commensurate with the needs of the tissue. restore the normal dynamics of the capillary circulation by the infusion of any of the following fluids: physiologic saline (3 dogs), 5 per cent bovine albumin (4 dogs), and citrated plasma or whole blood (6 dogs). During the transitional stage, saline infusions became ineffective (3 dogs). During the latter part of the transitional and the early part of the hyporeactive stage bovine albumin also became ineffective (3 dogs). Finally, when hyporeactivity had persisted for at least sixty to ninety minutes, recovery was no longer possible, even with whole blood or plasma, irrespective of whether large amounts (up to 8 or 9 per cent of body weight) were used, or the infusion was prolonged for several hours (18 dogs).
Therapy During the Hyporeactive Stage
A. Procedure for Evaluating Therapeutic
Pleasures: Wiggers6 and Frank and his co-workers3 have used as their end point the failure of the dog to recover when infused with the blood previously withdrawn. This procedure was found to aggravate the shock condition and made the physiologic state of the animal difficult to evaluate at the time that any supplementary treatment was instituted. The end point used by us was the detection of definitive circulatory criteria in the omentum by microscopic observation. The accuracy of this procedure was tested by subjecting 18 dogs to graded hemorrhage and maintaining them in extreme hypotension until the omental circulation exhibited criteria characterizing hyporeactivity. The dogs were then kept in this state for one to two hours at which time they were infused with citrated whole blood (0. Only three dogs showed a continued improvement of the omental circulation and ultimately
recovered. It is significant that the improved circulation always preceded the gradual rise of the blood pressure out of shock levels. The sequence of vascular changes leading to the recovery of the omental circulation were as follows:
Irrespective of whether the animals were reversible or irreversible, the omental circulation invariably showed an initial speeding up of flow, which appeared to be of mechanical oriwas between 95 to 100 mm. Hg and the omental circulation appeared to be normal except for a moderate dilatation of some of the venules and small veins.
C. Restoration of Blood Volume with Several Blood Substitutes: Nine dogs were transfused during the hyporeactive stage: 3 with 5 per cent bovine albumin, 3 with an isotonic mixture of albumin and concentrated globulins, and 3 with a solution of 2 per cent sodium succinate. None of contraindicated because it not only exaggerated the constricted state of the larger blood vessels but also exerted a deleterious effect on the heart. On the other hand, pitressin in concentrations which have no constrictor effect on the larger blood vessels and which are just below that exerting a constrictor effect on the arterioles, that is, in sibpressor concentrations, produced a striking improvement in the peripheral blood flow. In a series of experiments based on reactions of the omental vessels in the dog, the concentration of pitressin best suited for such an improvement was found to be about 0.05 to 0.1 pressor units, per kilogram of body weight. The most satisfactory results were obtained with a mixture of pitressin and whole blood administered by a slow intravenous infusion.
In the experiments, pitressin was given by the following procedures:
1. Pitressin added to initial fluid infusion. Nine dogs were subjected to graded hemorrhage until they were judged to be irreversible by the hyporeactive condition of their omental circulation. The dogs were then infused with an intravenous drip of blood containing 0.05 p.u. pitressin per kilogram of body weight over a period lasting about sixty to ninety minutes, until the original volume had been restored. The typical response to such an infusion is shown in a protocol ( fig. 2) to control levels. The elevated blood pressure and peripheral blood flow persisted at comparatively normal levels for about four to six hours, at which time the dogs were sacrificed.
2. Pitressin subsequent to whole blood infusion. These experiments were performed on 12 dogs to determine whether pitressin would be effective if administered after the dogs had not responded to whole blood infusion. Figure  1 is a protocol of one of these dogs and illustrates the vascular changes in the omentum and the effect produced by the subsequent pitressin therapy. The infusion of blood occasioned a rise of the blood pressure and a partial recovery of the flow in the capillary bed without a comparable reinstatement of its functional activity (return of vasomotion and of normal epinephrine reactivity). About two hours after the infusion had been given, the blood pressure had fallen to 75 mm. Hg and continued to fall while the omental circulation became increasingly hyporeactive.
At this time, pitressin (0.1 p.u. in 10 to 20 cc. saline) was injected intravenously. This was rapidly followed by a speeding up of the capillary flow and by a progressive recovery of arteriolar activity, viz., a partial narrowing of the vessels characteristic of their normal tonic state. In several cases (table 2) a second and a third injection of pitressin (each 0.2 p.u. in 2.0 cc. saline) were given at intervals of about forty minutes. Eight of the dogs showed a considerable improvement in omental reactivity which was maintained for four to six hours. The dogs were then sacrificed at which time their blood pressure was from 90 to 110 mm. Hg. Four of the dogs showed only a partial recovery of their vascular reactions and succumbed about one to three hours later.
3. Pitressin subsequent to unsuccessful therapy with agents other than blood. In the course of our therapeutic experiments a number of dogs, in the hyporeactive stage, were infused with several different blood substitutes: 5.0 per cent albumin, an isotonic mixture of varying proportions of albumin and globulin, and a solution of 2.0 per cent sodium succinate. All the dogs remained in the hyporeactive state, whereupon they were given pitressin. The results are recorded in table 2. Of the 9 dogs treated in this way, 6 showed recovery of their circulatory reactions until they were sacrificed about four to five hours after the initiation of therapy. The circulatory changes were essentially the same as those observed in the other groups of animals. vessels.7 In these studies no direct causal relationship was established between the vascular phenomena observed through the microscope and the course of the shock syndrome. However, the remarkable uniformity with which the two sets of events occur through- The use of the exteriorized omentum for microscopic study placed several limitations on the experimental procedure. The subsequent effects of therapy could be followed only for four to six hours. Therafter, prolonged exposure of the omentum added the possibility of nonspecific vascular deterioration. Furthermore, the animals, when brought out of shock, became restless and required repeated anesthesia, a procedure which complicated the posttherapeutic course. The experiments were therefore terminated at this time without testing the long-term value of any of the therapeutic procedures. Although the therapeutic implications of such experiments are limited, the studies clearly indicate that successful therapy must restore the circulatory efficiency of the peripheral vascular system. Anesthetized dogs, transfused with blood alone during the irreversible stage of hemorrhagic shock, invariably again went into fatal circulatory collapse within four to six hours. In contrast, animals treated with pitressin in vasotonic but subpressor concentrations showed at the end of four to six hours a markedly improved peripheral circulation with a restoration of many of the features of normal functional activity. These experiments would, therefore, seem to bear directly on the ultimate direction towards which treatment of "irreversibility" should be directed.
The administration of fluid sufficient to replace the deficient blood volume was of value early in shock before the mechanisms for peripheral vascular adjustment had deteriorated. Such nonspecific measures became less effective as the shock deepened. The fact that blood plasma was effective for a longer period than saline, albumin, or gelatin indicates that plasma exerts a physiologic effect beyond that imparted by its bulk and colloidal osmotic properties. Over the short range of our experiments, no immediate superiority could be detected between plasma as opposed to whole blood. There is, however, ample evidence in the literature that the anemia which frequently follows hemorrhagic shock is greatly benefited by whole blood therapy. 9 Mechanical restoration of the peripheral circulation is not sufficient, by itself, to correct the metabolic disturbances which during shock are inflicted by prolonged periods of inadequate circulation on organs such as the liver, kidney, heart, and brain. Recent work by Shorr Pitressin added in subpressor concentrations to the blood infusion brought about a significant extension of the period of effectiveness of whole blood therapy. The indications from the omental vascular criteria are that pitressin, administered subsequent to unsuccessful whole blood infusion, is not as effective as when the pitressin is administered together with the whole blood. Although these small amounts have no obvious direct pressor action, they are within the range (.02 p.u./Kg.) which produces a profound effect in unbled dogs."3 Frank, Seligman, and Fine3 were unable to obtain significant therapeutic results with pitressin when administered to dogs already found to be irreversible to whole blood or to the administration of succinate or of bicarbonate therapy. They found no increase in the number of animals which could be recovered by pitressin used subsequent to these experiments. The question remains whether the method used by them (that of testing pitressin only after the dog had failed to respond to whole blood) is appropriate for an evaluation of shock therapy. This drastic procedure involved subjecting the dog to deep shock twice in succession, first after the bleeding procedure and, second, after the temporary effects of the unsuccessful transfusion. When such procedures were used in our studies, considerable stasis was observed in the collecting venules and capillaries following the failure of the transfusion. As a result, large areas of the capillary bed remained in stasis and inactive throughout the subsequent period of therapy.
Our results with pitressin indicate the desirability of effecting a sustained improvement in the peripheral circulation through a vasotonic action on the terminal arterioles and precapillaries. Although pitressin has other pharmacologic effects which may militate against it being the agent of choice in irreversible shock therapy, it unquestionably prolonged the survival, for at least three to four hours, of dogs which otherwise would have died. What appears to be most significant about these experiments is the demonstration that functional repair of the peripheral vascular bed is a necessary prerequisite for recovery from shock. It was our hope that through the use of vasotonic agents such as pitressin, we could maintain the adequate circulation for sufficiently long periods to allow the animal to repair these metabolic lesions. Our observations, being confined to a three-to six-hour period after the institution of pitressin, did not permit any long-term evaluation of this thesis. It is possible that the inadequacy of pitressin therapy in certain of our shocked animals may be ascribed to the continued elaboration of VDM. This would indicate that the metabolic derangements in the tissues are not reversed by the comparatively short periods of improved circulation in these experiments. Frank and co-workers'4 by in vivo perfusion experiments obtained evidence that perfusion of the liver of shocked dogs with arterial blood from a normal donor dog for three to four hours (range from three to eight hours) is often sufficient to counteract the development of irreversibility. The recent isolation of VDM and its identification as ferritin by Mazur and Shorr1" opens up the possibility of developing measures for counteracting this specific principle and isolating the enzyme systems responsible for its inactivation.
CONCLUSION
Our experiments call attention to the prime necessity of restoring the normal functional behavior of the capillary circulation of animals in hemorrhagic shock and indicate the value in such conditions of vasotonic agents such as pitressin which appear to accelerate the recovery of the vascular bed.
